A number of frameworks have been proposed to assess the protection of wildlife from ionising radiations. In this paper we compare the predictions of transfer parameters recommended by one of these frameworks (FASSET) with observed whole-body 90 Sr and 137 Cs activity concentrations in a range of mammal and invertebrate species sampled within the Chernobyl exclusion zone. Predicted activity concentrations are generally within the observed ranges and mean predictions for reference organisms are similar to, or circa one order of magnitude higher than, the observed means. However, some predictions are more than one order of magnitude lower than observed values. No data were available for animals to test predictions for the other radionuclides released by the Chernobyl accident. In a separate paper the outputs of this assessment will be used to estimate doses to reference organisms and compare these to observed radiation induced effects reported within the Chernobyl zone.
INTRODUCTION
In recent years, national and international programmes have proposed frameworks and methodologies to assess the protection of wildlife from ionising radiations [e.g. 1, 2, 3, 4] . Whilst some of these are now being used by national authorities [5] , there has to date been little attempt to rigorously test their predictions against available data. In part this is because of the lack of sites where radiation induced effects can be observed. One suitable site is the Chernobyl exclusion zone for which considerable amounts of data are available for a wide range of biota across a gradient of exposure rates.
In this paper we apply the methodology presented by Brown et al. [6] , which forms part of the FASSET environmental impact assessment framework [4] , to estimate the whole-body radionuclide concentrations of wild animals within the Chernobyl exclusion zone and compare these to available data. A separate paper takes this work further to estimate doses and the likely subsequent effects [7] .
THE FASSET FRAMEWORK
The FASSET framework presents look-up tables of concentration ratios (CR) for radionuclides of 19 elements to enable the prediction of the activity concentrations in biota from soil activity concentrations (nominally 0-10 cm soil layer) [6] . Values of CR were estimated from empirical data or, where these were lacking, by model estimation. Biota are represented by a range of reference organisms in seven ecosystem types. Whilst the CR tables are incomplete (i.e. values are not provided for every reference organism -radionuclide combination) advice on addressing data gaps is presented [4, 8] . The most appropriate terrestrial ecosystems considered in the FASSET framework for the Chernobyl exclusion zone are semi-natural pastures/heathlands and forests. The reference organisms for these ecosystems are: soil micro-organism, soil invertebrate, burrowing mammal, carnivorous mammal, herbivorous mammal, detritivorous invertebrate, bird egg, grass/herb, shrub and tree. Whilst CR values for plant reference organisms are presented, these are not subsequently used within the FASSET methodology to estimate internal radiation exposure of plants [6] . Consequently, we will only consider transfer to animal reference organisms in this paper. The look-up tables provided for semi-natural ecosystems are considerably more comprehensive than those presented for forests. Given that in the collation of empirical CR values for semi-natural reference organisms no differentiation was made on the basis of habitat because of the paucity of data [6] , many of the semi-natural ecosystem CR values may also be applicable to the same reference organism in forest ecosystems. Here we will concentrate on application of the semi-natural ecosystem CR values (Table 1) , although limited comment is given to comparative results if forest ecosystem values were used. 
DATA COMPILATION
Data on the activity concentrations of radionuclides in animals within the Chernobyl exclusion zone were compiled from four sources:
i) The compilation of Russian language publications summarising studies conducted between 1986 and 1998 on the effects of ionising radiation on wildlife described by Sazykina et al. [9] . Caesium-137 activity concentrations are presented for a range of rodent species. ii)
The database described by Gaschak et al. [10] which contains circa 700 measurements of radionuclide activity concentrations in wild animals made throughout the Chernobyl exclusion zone between 1988 and 2000; these include 8 species of predominantly large mammals. iii)
A review of English language publications; useful data arising from this were restricted to 90 Sr and radiocaesium activity concentrations in rodents reported by US workers from studies largely conducted 1994 -96 [11, 12] . 
ESTIMATION OF WHOLE-BODY RADIONUCLIDE ACTIVITY CONCENTRATIONS

Prediction of soil radionuclide activity concentrations
A number of the available data did not have corresponding radionuclide activity concentrations in soil which could be used to test the FASSET CR values. Furthermore, there were no data reporting activity concentrations of any radionuclides other than 134 Cs, 137 Cs and 90 Sr in animals. As a large number of radionuclides were released by the Chernobyl accident and ultimately we want to estimate total doses to animals in the Chernobyl zone [7] , a method of estimating radionuclide activity concentrations in soil was required. As most available data were reported with a location and an interpolated surface of 137 Cs deposition was available to us (data from measurements made in 1991-2 belonging to the Ukrainian co-authors, block kriged to a resolution of 58 m x 58 m pixels), predicting soil activity concentrations using a geographical information system (GIS) was the most effective option. Soil activity concentrations of Ce, 144 Ce, 154 Eu and 239
Pu were estimated using distance varying relationships of these radionuclides to 137 Cs deposition [14] ; activity concentrations of 238 Pu,
241
Am and
Pu were estimated from their total depositions within the exclusion zone relative to that of 137 Cs [15] . No correction of soil 241 Am activity concentrations was made to account for in-growth from 241 Pu decay as this was assessed as being insignificant over the time period considered.
Activity concentrations in soil were predicted for an area around the sampling location with a radius typical of the home range for the species in question; mean, minimum and maximum soil activity concentrations for the pixels falling within this area were recorded. Where reported sampling locations were not given as latitude-longitude co-ordinates but as, for example, a village name the soil activity concentration in an area of 1 km radius of the village was estimated. For a limited number of collated sampling sites, soil activity concentrations were reported for 90 [11, 12] which are ±SD.
Comparison of predicted and observed radionuclide activity concentrations in animals
Whole-body activity concentrations were estimated as the product of the observed, or GIS predicted, dry weight soil activity concentration and appropriate CR value. The CR value used was selected on the basis of the characteristics of the animal in question with the most conservative value being used if more than one was appropriate (e.g. the radiocaesium CR for burrowing mammals was used if considering a burrowing herbivorous rodent). In the FASSET look-up tables no CR values for terrestrial invertebrate species are given for 90 Sr, therefore, following the advice given in the framework [4] , the highest available 90 Sr value was used (that recommended for herbivorous mammals). This would be expected to produce conservative estimates [16] .
Comparisons of predictions with the observed 90 Sr and radiocaesium activity concentrations reported in a range of rodent species (Apodemus spp., Sorex spp., Microtus spp. Clethrionomys galreolus, Muscardinus avellanarius) by Gilhen et al. [13] and Chesser et al. [11] are presented in Tables 2 and 3 respectively. Whilst between species differences have been reported for rodents at sites in the Chernobyl zone [11] predicted values vary little between species as CR values are similar. Tables 2 and 3 present minimum and maximum observed activity concentrations at sampling sites; variation in predicted values is the consequence of the different CR values used dependent upon the species sampled. The mean ratios of predicted to observed activity concentrations for the Gilhen et al. [13] data were 5.7 (range 0.05-28) for Cs; for the data of Chesser et al. [11] the mean ratios were 8.4 (0.5-39) and 11 (0.1-62) respectively. For the Chistogalovka sampling sites, radiocaesium predictions were especially high compared to observed data.
Data summarised for rodent species by Sazykina et al. [9] quotes only single values of radiocaesium activity concentration in soil and animals at a range of sites; species sampled were similar to those for the other datasets above with the addition of Mus spp.. Predictions were on average 14-37 times higher than observed data depending upon the CR value used. Cs activity concentrations (using GIS estimated radionuclide activity concentrations in soil) by reference organism group are compared to the database of Gaschak et al. [10] in Table 4 . Whilst predicted means and ranges were close to observed values with mean predicted to observed ratios (for all species) of 9.2 (0.01-110) and 0.8 (0.09-64) for 137 Cs and 90 Sr respectively, there was relatively poor agreement for individual data (R 2 <0.16). There was also a tendency to over-predict low observed values and under-predict high observations. Predicted
137
Cs activity concentrations for detritivorous invertebrates are compared with the reported values [13] for Carabidae and 'ground dwellers' in Table 2 . Strontium-90 activity concentrations were only available for Site 1 (0.53-72 kBq kg -1 fw) and Site 3 (21-4600 kBq kg -1 fw). Predicted activity concentrations were within the range of observed values at each site at 19 kBq kg -1 fw and 2800 kBq kg -1 fw respectively. 
DISCUSSION
Predictions have been compared to measured values for radiocaesium and 90 Sr in a range of FASSET animal reference organisms encompassing a wide range of species (e.g. in the case of mammals Sorex spp. to Alces alces). In all cases, predicted values were generally within the range of observed values which is encouraging, especially given the requirement to estimate soil activity concentrations at some sampling sites. Furthermore, mean predictions were either close to observed means, or were conservative estimates being approximately an order of magnitude greater, lending confidence to the overall FASSET approach. However, some comparisons showed a tendency to under predict higher observed data. Furthermore, a number of individual animal, or site-species mean, predictions were more than one order of magnitude lower than measured values; Brown et al. [6] suggest that maximum CR values (and hence expected predicted activity concentrations) are generally within an order of magnitude of the mean CR values recommended within the FASSET framework. Some of the variation in agreement between predicted and observed data at different sites may be explicable as a consequence of variables, such as soil type [17] or in the Chernobyl zone the density of particulate deposit [15] . Some of the large mammal data [10] were used, together with that from other sources, in the derivation of the FASSET CR values [6] . It does not therefore represent a truly independent test of the FASSET CR values; especially for carnivorous mammals as Gaschak et al. [10] provided most of the radiocaesium and 90 Sr CR values. Predictions were made here using FASSET CR values for semi-natural pasture/heathland ecosystems which were based on environmental measurements. Recommendations are also made for mammalian reference organism in forest ecosystems [6] . These are presented as ranges in aggregated transfer parameters and are predominantly based upon model predictions. If these had been used in the assessment, predicted whole-body 90 Sr and radiocaesium activity concentrations would be up to circa 2 orders of magnitude higher than those in Tables 2-4 . Whilst this would result in no large individual underestimations, mean predictions would be considerably higher than observed values.
Given the time span of observed data against which comparisons have been made (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , it is perhaps worth noting that Gaschak et al. [10] did not find a long-term temporal decline in either 90 Sr or 137 Cs activity concentrations of wild mammals in the Chernobyl exclusion zone. Predicted 90 Sr activity concentrations in detritivorous invertebrates, made using the CR value for herbivorous mammals (given the lack of specific values for this reference organism) were within the range of the limited data available. However, predictions were perhaps not as conservative as expected on the basis of observations of the comparative transfer of Cs and Sr to invertebrates [16] .
Reported data were not available to test the predictions of all of the recommended FASSET radiocaesium and 90 Sr CR values for terrestrial animal reference organisms (i.e. bird eggs and soil invertebrates). Moreover, a large number of radionuclides were released by the Chernobyl accident and these have been measured in soils within the exclusion zone [14, 15] . It is therefore somewhat surprising that no observations of radionuclides other than radiocaesium and 90 Sr were available in animals. This area offers an opportunity to assess the transfer of many radionuclides, including actinide elements. From the maximum measured soil 241 Am activity concentrations of Gilhen et al. [13] an 241 Am whole-body activity concentration in herbivorous mammals at Site 5 ( Figure 1 ; Table 2 ) of 4 Bq kg -1 (fw) is estimated. For the sampling sites of Gaschak et al. [10] 241
239
Pu whole-body activity concentrations in herbivorous mammals of up to 0.5 and 2 Bq kg -1 (fw) respectively can be estimated (using GIS predicted soil activity concentrations averaged over typical home ranges).
